Introduction
In the last few decades, more and more attention has been paid to the role of redox active nucleotides in the metabolism. Their enormous importance in the cellular antioxidant defense is undebated; flavin and nicotinamide nucleotides are essential in energy transduction as main electron transfer molecules and substrates for over 700 oxidoreductase enzymes [1] . Severe disturbance in the redox balance, e.g. oxidative stress, which is often caused by an external impact is an important component of the pathomechanism of cardiovascular diseases such as heart failure, myocardial ischemia, unstable angina and ischemia reperfusion injury [2] . The largely autonomous redox homeostasis of the endoplasmic reticulum (ER) is based on the co-localization of a reduced pyridine dinucleotide NAD(P) + /NAD(P)H system and an oxidized thiol-disulfide system. The former maintains a local cortisol production in many glucocorticoid target cells (e.g. hepatocytes, muscle cells and adipocytes), while the latter is indispensable for generation of intrachain and interchain protein disulfide bridges and hence for the appropriate protein folding in the ER lumen. When the ER redox conditions are affected by cellular disturbance, inadequacy of the protein processing machinery leads to the luminal accumulation of immature proteins. This ER stress stimulates a complex signalling network referred to as the unfolded protein response (UPR), which is primarily adaptive, but it can also lead to different destructive downstream effects including inflammations, apoptosis and insulin resistance [3] . Ratio of oxidized and reduced forms of pyridine dinucleotides gives precious information about redox metabolism disorders or energetic alterations [2] . Thus, precise measurement of these nucleotides has become essential.
Since the development of liquid chromatography (LC), its increasing penetration in biological and clinical analysis is obvious. LC coupled to UV detection was a common tool in analytics, but its application is limited by its relatively low sensitivity and specificity. Development of mass spectrometry (MS) and its coupling to LC seems to solve the majority of these problems. MS is up to several orders of magnitudes more sensitive than UV detection, and it simplifies separation as well, as it can differentiate compounds of equal retention time. However, MS needs changes in separation techniques since use of non-volatile salts such as phosphates, is not advisable in MS. The most suitable mobile phases usually consist of methanol or acetonitrile and water with a buffer of volatile salts (i.e. ammonium-acetate, ammonium formate) and in some cases, volatile ion-pair reagents, among others dibutylamine (DBA) [4] , tributylamine (TBA) [5] [6] [7] , dimethylhexylamine (DMHA) [8] . High resolution is fundamental in untargeted metabolomics, but in targeted metabolic profiling, lower resolution tandem mass spectrometers, such as triple quadrupoles also provide the information needed [9] . The novel detection mode requires new or modified techniques to be considered for sample pre-treatment as well. Although a generic method consisting of protein precipitation and extraction may sometimes be sufficient, the efficiency of the analysis can be largely improved by optimization of sample preparation for the selected metabolites.
The purpose of this review is to collect and critically compare the most common practices in profiling cellular metabolic and redox status using LC coupled to tandem MS, focusing particularly on sample pre-treatment and different separation techniques such as using an ion-pair reagent, or HILIC-HPLC.
Metabolism and roles of pyridine nucleotides
Pyridine dinucleotide coenzymes, such as NAD + and NADP + , play crucial roles in intracellular metabolism as they serve as electron carriers for several enzymes. External impacts, for instance overfeeding, starving, alcohol ingestion or drug treatments usually affect the intracellular redox state of these coenzymes and therefore monitoring the levels of their oxidized and reduced forms (i.e. NAD(P) + and NAD(P)H, respectively) ( Fig. 1) can provide information on the effect of dietary factors or drug candidates [2] . One of the most important coenzymes in hydride transfer reactions is nicotinamide adenine dinucleotide (NAD + ). It is a substrate of most dehydrogenase enzymes involved in nutrient catabolism, and its reduced form, NADH delivers the collected electrons preferentially to mitochondrial oxidative phosphorylation. As NAD + is essential in fuel utilization, protein modification and in cell signalling, information on its concentration and redox state in different cells and tissues can help understand biochemical functions, metabolic state of cells and effects of drugs in the organism [9] .
Cytoplasmic NAD + /NADH ratio normally lies around 1100 [10] in aerobic cell; and it shows that NAD + usually functions as an oxidative agent in biochemical processes such as fatty acid oxidation, glycolysis, and citrate cycle. Thus, change in NAD + /NADH ratio can indicate changes in metabolic processes and in several diseases [1] . In 2013, Gomes et al. proved that NAD + plays an essential role in anti-aging processes, and elevation of NAD + levels in old mice restores mitochondrial function to that of a young mouse in a SIRT1-dependent manner [11] . Therefore regular monitoring of NAD + levels can improve our knowledge about the mechanism of age-associated diseases [12] .
Endoplasmic reticulum and its redox environment
The ER is a metabolic compartment which participates in many fundamental pathways of the intermediary metabolism [3] . The organelle is a continuous membrane network separating a narrow lumen from the cytosol. A large number of enzymes are embedded in the ER membrane, and many of them expose their active sites on the cytosolic surface. However, the ER lumen also gives place to the active centres of several membrane-bound or particulate enzymes, including many oxidoreductases [13] . The concentration and redox state (i.e. the ratio of oxidized and reduced forms) of the redox couples can be remarkably different between the cytosolic and luminal environment [14] . Although the NADP + -NADPH couple is dominantly reduced in both compartments, the maintenance of this reduced state is based on different and independent enzyme activities. Moreover, the thiol-disulfide couple is actively oxidized in the ER lumen, and consequently the disulfide/thiol ratio is much higher in the ER than in the cytosol. In case of varying metabolic conditions, cells can modify ER functions. Extreme conditions such as over-or undernutrition, hypoxia or lipotoxicity [15] can cause redox imbalance and ER stress, which contributes to apoptosis, inflammation and insulin resistance via activation of the UPR. The main reason of obesity, metabolic syndrome and type 2 diabetes is the stimulation of local activation of glucocorticoids [3, 16] . Cytoplasmic NADP + /NADPH ratio was shown to be around 0.01 [10] ; in accordance with the fundamental role of this redox couple as a readily available reducing source for biosynthesis, biotransformation and antioxidant defense. It is widely accepted that the major redox buffer of the ER is composed 220 Period. Polytech. Chem. Eng.
A. Somogyi, G. Horvai, M. Csala, B. Tóth of pyridine dinucleotides, especially NADP + and its reduced form, NADPH, but presence of flavin nucleotides, ascorbate and other redox-agents was shown too [17] . The cytosolic NADP + -NADPH pool is practically separated from that of the ER because the ER membrane has a limited and selective permeability, and the transmembrane traffic of pyridine dinucleotides is very slow compared to their metabolic interconversion [18] . In other words, the ER luminal reductases are uncoupled from the cytosolic NADPH generating mechanisms, and they cooperate with local NADP + -dependent dehydrogenases. It is due to the membrane impermeability that the microsomes, i.e. the artificial vesicles produced from the ER upon cell or tissue fractioning, stably retain the luminal pyridine dinucleotides and still possess the luminal redox couplings.
Measurement of all the linked redox components and determination of a redox environment in its entirety is not possible, hence changes of a complex redox system are studied by monitoring a representative redox couple as an indicator [14] . Measurement of the microsomal (ER luminal) pyridine dinucleotides would be greatly informative regarding the local redox conditions. In vivo or cellular monitoring of NAD + /NADH and NADP + /NADPH cannot be performed yet, therefore all available data have been collected from isolated microsomes. However, the precise and reliable quantitative analysis of microsomal pyridine dinucleotides has not been solved yet either, hence the intravesicular pyridine dinucleotide redox state is usually monitored in an indirect manner by using enzymatic methods [17] . These methods take advantage of the presence of intraluminal oxidoreductases which use pyridine nucleotides as co-substrates. Decades ago, pyridine nucleotide content of ER-derived microsomal vesicles was proved by Bublitz et al. [19] Odermatt et al. [20] performed a study in which functions of the ER enzyme 11β hydroxysteroid dehydrogenase type 1 (11βHSD1) were observed. 11βHSD1 is responsible for the interconversion of cortisone and cortisol in the lumen of ER (Fig. 2) . Although in vitro this enzyme can act both in oxidative and reductive reaction, it was shown that in vivo, this reversible reaction is shifted towards cortisone reduction [18] . This observation suggests the dominance of NADPH in the lumen, and hexose-6-phosphate dehydrogenase (H6PD) can help maintain this ratio [14] . Lavery et al. found that in H6PD knockout mice, 11βHSD1 mediated glucocorticoid generation was not performed [13] , hence separate luminal pyridine nucleotide pool must exist to satisfy NADPH need of the reduction [14] . Alterations in the ER luminal pyridine dinucleotide redox state are usually deduced from the changes in the intrinsic cortisone reducing and cortisol oxidizing capacity of the microsomes. The results of such measurements are usually in accord with the modifications of endogenous NAD(P)(H) fluorescence of the intact microsomal vesicles; nevertheless, these approaches do not yield data of appropriate accuracy and reproducibility, and a significant improvement can be expected from direct measurements of individual redox components (NAD + , NADP + , NADH and NADPH). transporter; H6PD, hexose 6-phosphate dehydrogenase; 11βHSD1, 11β
hydroxysteroid dehydrogenase type 1; 6PG, 6-phosphogluconate; PGI, phosphoglucose isomerase.
Analysis of endogenous pyridine dinucleotides
As mentioned above, endogenous concentration of pyridine dinucleotides can vary within wide ranges. Numerous methods were studied for measurement of pyridine and adenine nucleotides, in which the leading methods were HPLC methods coupled to different detecting systems, such as HPLC-UV [2, 21-24] HPLC-NMR, or enzymatic assays. Beside the most common methods, other type of measurement of nucleotides were suggested, such as capillary zone electrophoresis [25, 26] , or spectrophotometric method for the determination of intracellular NAD(P)H [27] . But recently, LC coupled to mass spectrometry (LC-MS) has become the most important analytical method in metabolic profiling and quantitation of these small molecules in complex matrices. Untargeted metabolomics need high mass resolution instruments such as mass spectrometers with time of flight or ion-cyclotron resonance detecting systems, in targeted quantitative LC-MS, use of triple quadrupole (QQQ) as a lower resolution tandem mass spectrometers can satisfy the requirements. QQQ systems can provide multidimensional data (m/z, MS2 transitions in MRM mode and retention time), thus metabolites which differ only in one hydrogen atom can also be distinguished. With the development of stationary phases and separation columns and the use of sub-2-µm particles, chromatographic resolution has been enhanced [28] .
Most of the published studies aimed a multiple metabolite profiling, which involves the examination of many different metabolite groups. Several groups assess the phosphoryl metabolites, such as adenine nucleotides, but pyridine dinucleotides, NAD(H) and NADP(H) rarely constitute the main subject of these studies. Hence, in many cases, sample pre-treatment and LC are not optimised directly to these compounds. This review focuses on the methods for the determination of often neglected pyridine dinucleotides. 5 Sample pre-treatment Nucleotide profile has been investigated in various matrices in recent years. Metabolism of Escherichia coli (E.coli) [5, 6, [29] [30] [31] , Saccharomyces cerevisiae (Sacch. cer.) [9, 31, 32] , and Methylobacterium extorquens AM1 [33] was monitored, and whole blood [2, 12] , serum and plasma [6, 7, 34] urine [6] , cultured cells [6-9, 30, 34, 35] , cerebrospinal fluid [34] , and tissues [4, 6, 7, 31, 34] were used as samples.
The measurement usually starts with the quick quenching of metabolism. In living cells, concentration and ratio of the monitored molecules can change within seconds, so keeping the original state of cells is fundamental in profiling. Several methods are described to stop metabolism, such as rapid cooling, especially quick freezing in liquid nitrogen for tissues, and mixing the cultured cells with organic solvents [29] (in many cases with cold organic solvent) [5] are often used. Less common methods, but still with importance, are the heat treatment of the system [31, 32] , and acidification. But while considering the use of these techniques, it must be ensured that all the analytes to be examined are heat or acid stable. After quenching the metabolism, the extraction procedure is the critical step. A wide variety of extraction methods can be found; the nature of the metabolites to be determined and the sample type have the biggest impact in choosing the most appropriate protocol. When the analytes have been extracted, samples are usually kept at -20 °C or -80 °C.
A generally accepted extraction method for Escherichia coli usually has a quenching step with the use of 80:20 methanol: water [29, 30] , ethanol [5] , methanol: acetonitrile: water [6] . After several centrifugation -resuspension -ultrasound cycles, in which the supernatant is always removed and stored, the final extract is then stored at -20 °C or -80 °C. In one case, 0.3 M KOH was added to the extract which was later neutralized with glacial acetic acid [5] . For whole broth extraction, aqueous 75% (v/v) ethanol solution preheated to 78 °C was mixed with E.coli culture, and was incubated at 78 °C for 1 min, then frozen in liquid nitrogen. After thawing and centrifugation, the supernatant was dried and stored at -80 °C until re-suspension [31] .
Extraction methods for Saccharomyces cerevisiae are usually very similar to methods for E.coli. Preheated at 95 °C, 75% ethanol was used for extraction followed by drying -resuspension -centrifugation to obtain nucleotides from yeast culture [31] . In another case, precooled, aqueous 60% (v/v) methanol buffered with 10 mM ammonium acetate (pH 7.5) was used as an extraction solvent [32] .
Heat treatment was applied for extraction of nucleotides from Methylobacterium extorquens AM1 [33] . After centrifugation of quenched biomass, boiling HEPES buffered ethanol: water 75:25 at pH 5.2 was mixed with cell pellet. After two centrifugation cycles, supernatant was dried and stored at -80 °C until analysis.
In case of cell cultures, the quenching metabolism is also fundamental. For Chinese hamster ovary (CHO) cell culture different extraction solvents were tested [8] . Acetonitrile, ethanol, methanol, acetonitrile: water (8:2), ethanol: water (8:2), methanol: water (8:2), 0.1 M formic acid, 0.5 M perchloric acid (PCA) and 0.1 M formic acid in methanol were used. It was found that methanol provided the most efficient extraction (recovery of 53%). Other interesting result is that extraction solvents containing water caused very broad, split chromatographic peaks. Perchloric acid, neutralised with KOH was found to be incompatible with LC-MS because of presence of precipitate. Sonication and hexane extraction were also tested; hexane extraction provided greater sample clean-up and better peak shapes; sonication also improved recovery, but as the cooling of plates was unsolved, the sonication was disregarded. Methanol: acetonitrile: water (40:40:20) at -20 °C was used for cancer cell lines HCT116 and Calu 6 and methanol: acetonitrile (50:50) at -20 °C for cell medium [6] . Sonication was used for cell cultures such as for Hela cells [34] and HCT116 [30] . In an experiment for metabolomic analysis of Plasmodium falciparum lipid related metabolites, two different methods were used depending on ionisation mode in mass spectrometry. After two extraction step by methanol: water (80: 20) , in the last resuspension, acetonitrile: water (75:25) was used.
The second step of tissue or cell analysis after arresting metabolism is homogenization. Frozen tissues can be homogenized using a mortar or other physical effect [4, 31, 34] . Sometimes, direct extraction [6] is used where methanol: acetonitrile: water (40:40:20) are the organic solvents, and the extraction is followed by shaking cycle. Extraction solvents are usually the same as for cell cultures and PCA can also be found in some procedures [4] and this needs neutralising steps as well; heated ethanol buffered with 10 mM ammonium acetate can also provide a suitable recovery [31] .
Human plasma [6, 34] , serum [6, 34] , urine [6, 34] and cerebrospinal fluid [34] usually need only a protein precipitation step, which can be performed with methanol:acetonitrile [6] (50:50) or by a simple filtration with a centrifuge filter unit [34] .
In a recent publication [12] , human acidified blood samples were analysed where collection of blood samples was performed in a sample tube containing 0.5 N PCA solution. After the sample preparation process 0.5 mM ammonium formate was added to supernatant.
Caruso et al. investigated the preanalytical phase of blood adenine and pyridine nucleotide determination [2] . They performed a double extraction method and two different chromatographic runs for reduced and oxidized forms of nucleotides.
In acid extraction for oxidized form, K + /EDTA treated whole blood was mixed with 7.2% PCA, and after centrifugation, 1 M borate buffer was used as a neutralizing agent. Borate buffer was compared to carbonate buffer and KOH as neutralizing agent for acidic extraction, and it was demonstrated that 1 M borate buffer provides a stable pH 6.5 supernatant.
In alkaline extraction for reduced forms, cold, 0.5M KOH was added to K + /EDTA treated whole blood. After treatment with cold distilled water, ultrafiltration membranes were used to separate the nucleotide containing phase. After ultrafiltration, 1 M KH 2 PO 4 was used to neutralise the solution. Ultrafiltration time and different ultrafiltration conditions were tested.
Liquid chromatography
Difficulties in the separation of nucleotides arise from two main sources: the high polarity and the similar chemical structure of these molecules. In developing useful methods, it must be considered that in some cases, molecules only differ in one hydrogen atom. The phosphate moiety also makes the use of reverse phased (RP) LC more difficult.
Anion exchange chromatography (AEX) could be used to separate anionic metabolites, but it has a poor compatibility with MS since in AEX, non-volatile salts are generally used. Salt concentration must be reduced with a membrane suppressor if it is coupled with MS [36] .
Normal phase (NP) nanoflow LC was used to separate phosphor-related metabolic changes. Uehara et al. [30] found an amino-propyl silica gel column with basic ammonium carbonate buffer appropriate for the separation of pyridine nucleotides. As ionic and hydrophilic interaction was present between the phosphorus compounds and the solid phase, this method provided good retention and separation (Fig. 3) .
However, the use of normal phase is less common in current metabolomics, when LC is coupled to MS. Reversed phase liquid chromatography (RP-HPLC) without ion-pair reagent has not shown good performance either. As mentioned above, nucleotides are highly polar, hence interaction with the stationary phase is insufficient, and metabolites are minimally retained, and poor peak shapes are detected. When separating 160 metabolites of E.coli, Bajad et al. [29] tested two different silica based reversed phase columns, one with embedded polar group and one with ether linked phenyl at three different pH values, but they found that lack of phosphate in the buffer (phosphate buffer is non-volatile thus incompatible with MS) yielded poor peak shape. However, in case of UV detection which allows use of phosphate buffers, RP-HPLC could be a useful method. An extensive report about preanalytical phase of nucleotide assay applied RP-HPLC with UV detection successfully [2] .
Ion-pair (IP) reagents seem to solve the mentioned problems of RP-HPLC, therefore IP-RP-HPLC is one of the most studied method in metabolomics. Use of volatile salts is compatible with MS detection. The principle of ion-pairing is the interaction between the negatively charged nucleotide and the positively charged ion-pair reagent. When using IP reagents, the stationary phase is a usual reversed phase column. Ion-pair reagents are normally alkylamines, such as dibutylammonium acetate (DBAA) [32] , tributylamine (TBA) [5-7, 29, 31] , dimethylhexylamine (DMHA) [8, 34] , dibutylamine (DBA) [4] , hexylamine (HA) [7] for negative ionization mode. As nucleotides are detected in negative mode, ion suppression is less problematic. The effect of adding DBAA as an ion-pair reagent is shown in Fig. 4 .
Luo et al. [5] investigated the effect of several volatile alkylamine ion-pair reagents, different pH ranges, and the effect of using methanol and acetonitrile as organic mobile phase. Five different alkylamines, triethylamine (TEA), tripropylamine (TPrA), tributylamine (TBA), tripentylamine (TPeA), and trihexylamine (THA) were tested in the first step at pH 6.8 in the aqueous eluent. Systematic increase of retention was observed with the increase of the length of the alkyl chain. This is caused by the hydrophobic interaction of the alkyl chain with the stationary phase. TEA and TPrA which are alkylamines with short alkyl chain did not offer good resolution, and the use of longer alkyl chains such as TPeA and THA resulted in long retention times and poor peak shapes. After choosing TBA as the best IP reagent, effect of pH was tested, and pH 4.95 was found to be the optimal pH to separate 29 metabolites including sugar phosphates, nucleotides and carboxyl acids. It must be mentioned here that changing the pH between 4.95 and 6.8 did not have effect on the separation of nucleotides due to their low pK a . Decreasing the pH was necessary because of their interest in carboxylic acid metabolites. The last step was to optimise the organic eluent. Methanol was chosen as its aspect of being a weaker eluent gave the opportunity of the fine tuning of the mobile phase. Figure 5 shows the combined chromatogram of 29 negatively charged compounds (sugar phosphates, nucleotides, and carboxylic acids), where the peaks of NAD(P)(H) are highlighted. If the main object is the determination of pyridine dinucleotides, changing the gradient of the elution can shorten the separation. Optimization of the concentration of IP is fundamental as it can represent a source of contamination of the MS. The concentration can be reduced if the alkyl chain of the used IP is longer as it helps interaction between IP reagent and the apolar stationary phase. The effect of different concentrations of DMHA was tested by Cordell et al. [8] . They varied the concentration of the ion-pair agent between 0.5 mM and 5 mM. It was found that the increasing concentration of IP agent caused increasing retention time and better peak shape. Concentration greater than 5 mM did not improve the separation. Effect of mobile phase pH was also tested. It was noticed that increasing pH increased retention time and the pH had influence on peak shapes as well. At pH below 3, compounds eluted near dead time, and peak broadening was observed. Figure 6 represents the simultaneous separation of 24 nucleotides for standard solution (a), and for biological sample (b). The chromatogram shows the most important advantage of MS detection: the peaks which overlap in the combined chromatograms, in fact do not overlap.
To avoid contamination, Seifar et al. [32] diverted the effluent of the analytical column to waste at the beginning and in the end of the separation, which prevented the ESI source and the MS from being contaminated.
The other most important chromatographic system, which is used in metabolic profiling, is hydrophilic interaction chromatography (HILIC). In HILIC, the retention mechanism is partitioning, and water is used as the strong eluent [37] . There can be found three main types of HILIC columns, the neutral (no electrostatic interaction), charged (strong electrostatic interaction) and zwitterionic (weak electrostatic interaction). A very successful application of HILIC was reported by Bajad et al. [29] . Three different HILIC columns were compared, cyano column at acidic pH, silica column and amino column at pH 9. They found that the cyano and silica column had minimal retention and poor peak shape for multi-phosphorylated compounds, but an amino-modified HILIC column at pH 9 gave detectable peaks for triphosphates as well with a good peak shape. After optimization, 69 metabolites from E. coli were quantified. In the metabolomic analysis of Plasmodium falciparum, which is the causative agent of malaria, a Luna NH2 HILIC column under alkaline conditions in negative ionization mode was used [35] . Their method was complementary with ion-pair chromatography, and a total of 35 compounds were quantified. Many reports were published about comparison between IP-RP-HPLC and HILIC-HPLC. Michopoulos et al. [6] found that use of ionpair agents provided better separation and peak shapes than HILIC. Peak tailing was observed for multi-phosphorylated compounds, which was increasing with the degree of phosphorylation. In spite of these facts, good resolution was observed for reduced and oxidized forms of NAD + and NADP + . Myint et al. [34] reported a practical method for polar anionic metabolites using nano-LC/MS system. A polyaminebonded polymer-based apHera NH2 column was applied, and during optimization, it was observed that traces of metal caused a binding to the column for highly polar compounds (citric acid or ATP). A chelating agent, EDTA was added in 85 pmol concentration to remove metallic impurities which may come from the stainless steel of HPLC hardware. By using EDTA, no further peak tailing was observed and the previously disappearing peaks were detected in every analysis. A titania column was used to separate nucleotides and their pathway intermediates [21] . Titania's mechanical and pH stability is better than of silica. It acts as Lewis acid and this way it has a strong affinity for phosphonate groups. This property makes it a very good possibility in separating nucleotides. In their report, Zhou et al. examined the effects of mobile phase composition (% (v/v)) of ACN in sample, eluent pH and eluent anion. By optimizing the titania column, fifteen nucleotides and their intermediates were separated.
IP-RP-HPLC and HILIC can act as complementary methods in profiling metabolites. The need for high proportions of organic solvents in separations by HILIC can confer benefit as it intensifies MS signal by facilitating ionization, but it can be a disadvantage as well. In many cases, nucleotides are present in a very low concentration in biological samples, and diluting them to the same solvent composition as the eluent can lower the concentration below the working concentration range.
Recently, beside the common stationary phases, many other possibilities are gaining popularity. One of the most promising phases is graphitic carbon column. The retention mechanism is very complex, pi-pi interactions and dispersive interactions between the stationary phase and the aromatic solutes seem to be the main components [38] . PGC is still not so much used, but there can be found reports about its possible applications. When comparing HILIC and IP-RP-HPLC, Michopoulos et al. [6] examined PGC columns as well, and they found it applicable for pyridine nucleotides. When 50 mM ammonium hydrogen carbonate was added to the eluent containing 60% ACN and 40% water, improvement was observed in elution of NAD + , NADH, NADP + , NADPH and AMP. Despite the promising results in separation of pyridine nucleotides, the separation method was not examined in further studies since they were focusing on a greater number of metabolites to be determined.
Another approach was presented with respect to quantitative metabolomics in Methylobacterium extorquens [33] .
Comparison was performed between a pentafluorophenyl-propyl column and a Luna NH2 HILIC column. Reversed phase mode provided a suitable separation of all tested analytes. After examining the effect of buffers, they proved that ammonium formate and ammonium acetate in acidic pH lowered retention and the separation deteriorated. The use of 0.1% aqueous formic acid/acetonitrile gradient provided the best results with good retention, and good peak shapes. Although NADP + and [8] . LC-MS method is described in Table 1 . ATP showed 4 times lower sensitivity, compared to NADH and NADPH, 5-10 times higher sensitivities were observed than with the use of the HILIC column.
Mass spectrometry
Detection in complex biological matrices, such as blood, urine and tissues, is complicated by the presence of numerous contaminants, which makes the precise determination of selected components more difficult or even impossible without a highly sensitive and selective method. This is where the disadvantages of UV detection are the most evident. MS can differentiate molecules based upon their mass, which allows the use of isotope labelled internal standards. The biggest drawback of MS is the inability to distinguish isobaric components, such as sugar phosphates or cis/trans molecules. Despite this drawback, coupling LC to MS can provide a highly sensitive and widely usable method in qualification and quantification of metabolome. Coupling the two instruments was the biggest challenge due to the high flow rate and to the possibility of contaminating the MS. Electrospray ionization (ESI) has become the most important ionization technique in bioanalytical studies. For detection of nucleotides, usually negative ESI is applied since these molecules have acidic groups, but reports describing positive mode also can be found [12] .
In untargeted metabolomics, very high resolution is essential, thus use of FTIR MS is established, but in targeted profiling, a triple quadrupole (QQQ) may be the best choice. QQQ has a lower resolution, but can reduce the background noise hence its sensitivity is outstanding. Triple quadrupole is usually used in selected reaction monitoring (SRM) [5, 29, 35] or in multiple reaction monitoring (MRM) [6-9, 12, 30-34] Bajad et al. [29] profiled the metabolome of E.coli, and since many of the metabolites can be ionized in positive mode, the 50-minute LC runs were divided into nine time segments, five of which were in positive mode and four segments were in negative mode. Compounds eluting at the boundaries had SRM scan in both time segments.
Modern softwares provide the possibility of automatic optimization, which can facilitate the selection of the best daughter ion(s), but in some cases, manual optimization is recommended, especially in case of compounds with very similar structure -this is the case of nucleotides. NAD + and NADH differ by only one hydrogen, and the only difference between NAD + and NADP + is a phosphate group. When Cordell et al. [8] developed a method for determination of twenty nucleotides, efficiency of both ESI+ and ESI-were examined. Because DMHA was used as ion-pair agent, the possibility of detecting adduct ions of nucleotides and DMHA allowed the testing of ESI+. However, protonated DMHA caused a high background interference in the ESI+ spectra.
[M+DMHA]+ was found to be the most abundant relevant ion, but since in ESI-mode the background was much lower, signal/noise ratio was much higher in ESI-. After determining dominant product ions of each nucleotide, different ionization parameters were optimized.
Heated and unheated electrospray ionization were compared by Lu et al. [7] . While in the unheated ESI source, the auxiliary gas and sheath gas is at ambient temperature, in heated ESI sources (HESI) temperature is usually between 200-600 °C. As high temperature accelerates the evaporation of sample solution emitted from the metal needle, it increases the ionization efficiency. During their experiment, Lu et al. investigated the effect of HESI for targeted metabolomics. E. coli cellular extract was studied, and two different mass spectrometers (Thermo Scientific TSQ Quantum Ultra instrument with unheated or heated ESI sources, and an AppliedBiosystems API 4000 instrument with Turbo VTM source). The experiment was carried out in positive and in negative mode as well. They found that with the use of heated ESI, the sensitivity was at least five times greater than with unheated ESI. Although noise increased, the signal-to-noise ratio was enhanced significantly. It must be noted that the effect of HESI depends on the compound: for methionine, a 25-fold increase in absolute ion counts was observed, but for NAD, HESI did not provide improvement as seen in Fig. 7 . Heat degradation of metabolites also must be taken into accounts, but this is a subject of further experiments. Fig. 7 Comparison of heated and non-heated ESI. As reported, for methionine standard (a), a huge increase in intensity was observed, while for NAD + in biological sample (b) the increase was insignificant. However, as this is compound-dependent, it is worth to check the effect of heating [7] .
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Calibration curves and endogenous concentration
Stock solutions are usually prepared in pure water [4, 5, 22, 24, 31, 35] or in water: methanol 50:50 [30] . After the preparation of a 10 mM standard solution, Klawitter et al. [4] stored it at -80 °C, and prepared working solutions every day which had to be used within two hours at room temperature.
Calibration concentration during the measurements vary among the experiments. In some cases, 1.5 nM was the lower limit of calibration [5, 29] , but usually the calibration curves lie between 0.1 µM and 10 µM. Top concentration of calibration was 200 µM in one case [9] . Linearity is usually tested with standard solutions, or treating standard solutions with the sample preparation protocol [2] . Endogenous concentration is generally determined by spiking the sample with a mix of the compounds at different concentrations, or by using isotope labelled internal standards, which are obtained from isotope labelled cell extract [9, 32, 33] .
Despite the significant variability in the endogenous pyridine dinucleotide levels, the concentrations of these cofactors are always in a very low range in the biological samples. Hence, having a good lowest limit of detection (LOD) and lowest limit of quantification (LOQ) is essential. LOD is usually defined as the concentration where the signal/noise ratio is 3, and at LOQ concentration, the ratio is 10. The results obtained by several research groups using different samples can be seen in Table 1 . It may be noticed, that LOD, LOQ and endogenous concentrations are given in different units; the choice usually depends on the type of the sample (tissue, cell culture, etc.), or -especially for LOD and LOQ -whether it is given in concentration or in amount of substance on column.
Stability of pyridine dinucleotides
Instability of pyridine dinucleotides is one of the biggest challenges to be met when studying these molecules. Stability of nicotinamide cofactors in solution was tested by Wong et al. [39] . It was shown that reduced forms are more stable in alkaline solution, and oxidized forms are more stable in acidic solutions. This is caused by an acid-catalysed hydration of NADH. Other strong nucleophiles, such as SO 3 2-or CN -also induce decomposition of the oxidized forms. At low pH, where the concentration of sodium-acetate buffer is 0.1 M, the decomposition of NADPH is three times faster than of NADH. In some cases, disappearance of the reduced forms was observed during sample preparation [23, 33] . Treating the standard solution of NADH with perchloric acid, it disappeared, but increase of NAD + level was not observed [23] . Yang et al. applied a sample preparation method that turned out to be too drastic for the measurement of the level of reduced forms [33] . As NADPH was unstable at pH 2.8 and 6.8, Bajad et al. decided to leave it out from further analyses. Furthermore, poor performance was observed for NADH as well. When examining E.coli, the applied LC-MS/MS method provided good separation for all of the four nucleotides in standard solution due to the mild conditions. Despite this, the observed concentration of NADH and NADPH in E.coli samples was very low. The conditions during the sample preparation (the use of KOH and glacial acetic acid) might have caused the degradation of the reduced forms [5] .
Application and conclusion
Pyridine dinucleotides play an essential role in metabolism, and their ratio is fundamental in normal functioning of cells or cell compartments. By monitoring levels of these nucleotides under varying conditions, more information could be achieved about the pathomechanism of metabolic disorders, aging process, and effects of drug candidates, hence it could help develop treatment for a variety of diseases.
Concentration of NAD + , NADH, NADP + and NADPH indicates the current status of cells hence it can be a marker of numerous disorders. Determination of adenine dinucleotide levels under different nutritional conditions clearly revealed the effect of starvation or a high-sucrose diet [10] . Thus, accurate measurement of pyridine dinucleotide redox couples would largely facilitate researches about metabolic disorders and it could be applied in clinical diagnosis as well.
In the last decade, a wide variety of studies have been conducted in order to profile metabolic status of different bacteria, yeast, mammalian cell cultures and tissues. A great number of techniques were used, and it can be declared that HPLC-MS has become the leading method. Several studies were performed in order to substitute RP-HPLC, or HILIC, such as pentafluorophenylpropyl column, titania column, or graphitic carbon columns. Capillary electrophoresis may be a potential separation technique, as pyridine dinucleotides are negatively charged molecules. Nano-LC-MS can also represent a potential future technique. Despite the numerous reports, there are still challenges to face. Several studies focused only on oxidized forms of nucleotides, and among those who decided to determine the concentration of both oxidized and reduced forms, many groups reported poor performance or were unable to quantify the concentration of reduced forms due to instability of these compounds [6, 9, 22, 29, 32, 33] . Due to the different characteristics of reduced and oxidized forms, simultaneous determination of both forms is problematic, hence it may be possible that biological matrices need to be prepared in two different ways for separate analysis of NAD(P) + and NAD(P) H. Therefore, the sample preparation protocols suitable for HPLC-MS quantification of all the four relevant pyridine dinucleotides still remain to be elaborated.
